We consider the minimal supersymmetric Standard Model with large scalar and gaugino mass terms at the GUT scale, which are generated predominantly by gauge-mediated supersymmetry breaking. For certain ratios of GUT-scale masses, determined by the messenger indices, large radiative corrections lead to a small electroweak scale in a way which resembles the well-known focus point mechanism. The Fermi scale, the gravitino mass and the higgsino masses are of comparable size. For a Higgs mass of about 124 GeV all other superparticles have masses outside the reach of the LHC.
Introduction
The minimal supersymmetric Standard Model (MSSM) is increasingly coming under pressure from the results of LHC searches. The non-observation of squarks and gluinos has defied expectations to find them just above the pre-LHC exclusion bounds. In most generic scenarios they must now be heavier than about a TeV. Perhaps more severely, evidence for a Higgs boson from both ATLAS [1] and CMS [2] points to a Higgs mass of around 124 − 126 GeV. Should this evidence solidify, this would pose a serious naturalness problem for the MSSM, or at least for many topdown scenarios which assume a "great desert" between the TeV scale and the GUT scale. The reason is that such a large Higgs mass must be due to large loop corrections involving multi-TeV third-generation squarks, or near-maximal squark mixing. On the other hand, the third-generation squark mass and gaugino mass contributions dominate the renormalization group (RG) evolution of the Higgs soft masses. The natural size of the parameters governing the Higgs potential is therefore of the order of these large soft masses. If the electroweak symmetry breaking (EWSB) scale is to come out smaller than the soft mass scale by an order of magnitude or more, this requires large cancellations, and a corresponding fine-tuning of the GUT-scale boundary conditions.
It is conceivable that a "little hierarchy" of this kind is a consequence of certain relations among the GUT-scale soft terms, or that such relations at least reduce the degree of fine-tuning. The best-known example is perhaps focus point supersymmetry [3] [4] [5] [6] , which rests on the observation that, for comparatively small gaugino masses and at least moderately large tan β, the scalar soft mass contributions to the EWSB order parameter m 2 Z cancel through RG running. For this to happen, all scalar soft masses should be given by some universal m 0 at the GUT scale. The cancellation is then quite insensitive to the actual value of m 0 (although, of course, it only holds at a finite level of precision). Therefore, it has been argued that increasing m 0 to several TeV does not render the model any more unnatural. As the main source of fine-tuning is often the gluino mass rather than the scalar soft masses, there have also been searches for similarly favourable relations between gaugino masses in models without gaugino mass unification [7, 8] (see also [9] for a related recent study).
This note serves to point out that focus point-like models may be constructed in the framework of high-scale gauge mediation with split messenger multiplets, as proposed in [10] . In these models, soft gaugino and scalar masses receive large gauge-mediated contributions. Gauge-mediated soft terms are dictated by discrete parameters, namely the messenger indices. For certain models the messenger indices are such that the contributions to m 2 Z cancel between the various soft terms during RG running. The soft terms also receive subdominant contributions from gravity mediation. Since the large gauge-mediated contributions cancel, the EWSB scale is naturally set by the subdominant gravity-mediated terms, and these can well be of the order of m 2 Z without conflicting experiment. Our model thus shows that it is still possible to reconcile the MSSM with the latest LHC results within a wellmotivated GUT framework. This can even be achieved without relying on large stop mixing, which is the mechanism underlying most bottom-up attempts to maximize the lightest Higgs mass in the MSSM, in light of the recent LHC results [11] [12] [13] [14] [15] .
Framework
Our models are inspired by GUT-scale string compactifications, which often predict a large number of vector-like states in incomplete GUT multiplets. These exotics should decouple close to the GUT scale in order to preserve (approximate) gauge coupling unification. If they couple to the hidden sector, they will serve as messenger fields for gauge-mediated supersymmetry breaking. Messenger loops generate large soft masses for the gauginos and scalars. Other soft terms and the higgsino mass µ will be induced by Planck-suppressed operators; they will be smaller but still relevant.
For definiteness, consider a model with N 3 copies (Φ
a 2 ) of (1, 2) 0 ⊕(1, 2) 0 , and N 1 copies (Φ (1)
a 1 ) of (1, 1) 1 ⊕(1, 1) −1 as messenger supermultiplets. 1 Suppose that they couple with equal strength to a goldstino background field X = M + θ 2 F , such that the superpotential is
For M M GUT , we define
to be the typical gauge-mediated contribution to the soft masses per messenger pair, where g is the unified gauge coupling. The one-loop gauge-mediated gaugino masses at the scale M are
The two-loop scalar soft masses are
Here we have assumed that the running between M GUT and M can be neglected. For m GM to be O(10 2−3 ) GeV, we need F (few × 10 10 GeV) 2 . This implies that gravity mediation is not negligible,
However, gaugino and scalar soft masses will be dominated by the gauge-mediated contributions if the N i are moderately large. The A, B µ and µ parameters, which are small or absent in minimal gauge mediation, are induced by gravity mediation and will be of the order m 3/2 . Unlike in low-scale gauge mediation models, the flavour problem is not automatically solved; we therefore require the gravity-mediated soft terms to be approximately flavour preserving. Incidentally, the particle spectrum in our models will be rather heavy, which of course also helps with evading flavour constraints.
A focus point from high-scale gauge mediation
Recall that at large tan β, the Z mass is given by 2 ). Unlike the Higgsino mass µ, the Higgs soft mass m 2
Hu receives large radiative corrections through its RG evolution. If the gaugino and scalar soft terms are O(few TeV) while µ is O(100 GeV), then the UV-scale value of m 2
Hu must approximately cancel against these radiative corrections for m 2 Hu to end up small (and negative) at m S . We can estimate m Z in terms of the UV-scale parameters as
Here the functional form of the RHS follows from the form of the RG equations and from dimensional analysis. The coefficients have been determined assuming a universal trilinear parameter A 0 , and with M = 10 16 GeV, m S = 3.5 TeV, g 2 (M ) = 0.484, y t (M ) = 0.55, y b (M ) = 0.4, and y τ (M ) = 0.5; these are typical values for a heavy spectrum at tan β ≈ 50. We have used two-loop RG equations for the gauge and Yukawa couplings and for the gaugino masses, and one-loop RG equations otherwise. Terms with coefficients smaller than 0.01 have been omitted.
From Eq. (7) one can immediately read off that, as is well known, the electroweak scale is most sensitive to the gluino mass among all soft parameters. The second line also illustrates the original focus point scenario [3, 4] : If M 1,2,3 and µ are small, and if there is a universal GUT-scale scalar soft mass m 0 , then m 0 can be rather large without excessive fine-tuning. Pictorially speaking, the RG trajectories of m 2
Hu for various choices of m 0 "focus" to always cross zero close to the Fermi scale.
In our class of models, the gaugino masses are by no means small. Any focus point-like cancellation will have to involve all of the dominant gauge-mediated terms, at least including
Hu , m 2 U and m 2 Q . Neglecting gravity-mediated contributions for the moment, in particular µ and A 0 , we can insert Eqns. (3) and (4) into Eq. (7) to find the contribution to m 2 Z which is purely due to the gauge-mediated soft terms:
A small contribution to m 2 Z results for certain favourable ratios of N 2 and N 3 , while the influence of N 1 is subdominant. Indeed there is not even a reason for N 1 to be integral, since a generic model may contain several hypercharged messengers with various rational hypercharges. Thus, setting N 1 = N 2 for simplicity, we find that ∆ GM m 2 Z is exceptionally small for
or N 2 = 28,
More precisely, for N 1 = N 2 = 23 and N 3 = 9 we get a contribution to m 2 Z which is of the order of m GM , while the actual soft masses are larger by an order of magnitude:
Similarly, for N 1 = N 2 = 28 and N 3 = 11 one obtains Z is negative (towards larger N 2 ), the electroweak symmetry is unbroken and its magnitude corresponds to the running Higgs mass squared at the TeV scale. The plot illustrates the well-known problem of quadratic divergences [16] : Generically, the scale of symmetry breaking is given by the cutoff of the theory, in our case the scale of grand unification. In supersymmetric theories, the cutoff is replaced by the supersymmetry breaking mass terms, which reduces the "hierarchy problem" to the "little hierarchy problem". Hence the Higgs mass squared at a TeV is typically of the order N 2 2,3 m 2 GM . However, for certain relations between the superparticle mass terms, corresponding to particular messenger indices, cancellations occur and the scale of electroweak symmetry breaking can be of the order m 2 GM . In general the soft terms will also receive contributions from gravity mediation. This is especially problematic for M 3 , since changing the gaugino mass ratios resulting from Eq. (9) or Eq. (10) by more than a few percent will immediately spoil the cancellation between the soft terms in Eq. (7), in view of the large coefficient of M 2 3 . The dangerous leading gravity-mediated contribution to gaugino masses comes from the operator
Likewise, the A 0 M i terms in Eq. (7) are N i -enhanced and therefore potentially dangerous. The leading operators inducing A-terms are
All operators of Eqns. (13) and (14) can be forbidden by a symmetry under which X is charged (and which is spontaneously broken by the VEV of X). By forbidding gravity-mediated A-terms, we are also removing a major source of dangerous flavourchanging neutral currents. The Giudice-Masiero term
is forbidden as well, but an effective µ parameter of the order m 3/2 can still arise from superpotential couplings after SUSY breaking. More precisely, in a SUSY-breaking Minkowski vacuum, the VEV of the superpotential is of the order W 0 F M Pl . A continuous or discrete R-symmetry forbids a bare µ term while allowing for an operator
which generates an effective µ F/M Pl [17] [18] [19] . Note that the operator
which induces B µ is allowed in any case, as are the operators for gravity-mediated contributions to scalar soft masses
The latter will give small corrections to the soft masses of Eqns. (4), without much affecting the focus point cancellation.
The gaugino masses also receive corrections at two-loop and higher orders. However, it was shown in [20] that for large messenger masses and multiplicities, these corrections tend to be very small.
Without radiative corrections, the lightest Higgs mass would be bounded from above by m Z , with the bound saturated at large tan β. Including the one-loop corrections from the top-stop sector, at large tan β we have (see e.g. [21] )
where as before m 2
. Note that a Higgs mass around 125 GeV requires radiative corrections of the same size as the tree-level mass.
Exceptionally large radiative corrections to the Higgs mass point to special properties of the Higgs-top-stop system, in our case stop masses much larger than the scale of electroweak symmetry breaking. As discussed above, this situation can be realized if the gauge-mediated contributions to squark masses are large and the electroweak scale emerges as a focus point. As we did for m 2 Z in Eq. (7), we can now again express all dimensionful parameters on the RHS of Eq. (19) as functions of the GUT-scale soft terms, with the coefficients determined from the RG equations (for instance, setting m 2 t = 2y 2 t g 2 1 +g 2 2 m 2 Z with m 2 Z taken from Eq. (7)). The resulting ratio m 2 Z /m 2 h 0 is plotted in Fig. 2 for various messenger numbers, again using only the gauge-mediated contributions as given by Eqns. (3) , estimated from Eq. (19) with gauge-mediated contributions only, for various N 2 and N 3 as in Fig. 1 . The red lines correspond to m h 0 = 115 GeV (upper line) and m h 0 = 125 GeV (lower line). While the actual Higgs masses (as computed by SOFTSUSY or FeynHiggs) tend to be even a few GeV higher, such that the 124 − 126 GeV region can be reached, the figure still shows that for the messenger indices of Eqns. (9) and (10), the enhancement of m h 0 above m Z is particularly strong.
Phenomenology
Let us first consider a model where the messenger numbers are given by N 1 = N 2 = 23, N 3 = 9. We set m GM = 200 GeV, which corresponds to F = (2.5 · 10 10 GeV) 2 and is of the same order as m 3/2 ≈ 150 GeV by construction, and as m Z . With this data, and with µ B µ m 3/2 suitably chosen, we can compute the low-scale particle spectrum at two-loop precision using SOFTSUSY [22] . The lightest Higgs mass is found to be 123. 4 GeV by SOFTSUSY and 122.4 GeV by FeynHiggs [23] . Taking into account a theoretical uncertainty of at least 1 − 2 GeV, this is marginally compatible with the region currently favoured by ATLAS and CMS. Other features of the spectrum at the electroweak scale include
• large tan β ≈ 50, as a consequence of the fact that B µ is generated by gravity mediation but m 2
are dominated by gauge mediation;
• a very heavy gluino, M 3 ≈ 3.8 TeV;
• very heavy squarks, the lightest of which is thet 1 at about 2.5 TeV, while the first-generation squarks are all heavier than 3 TeV;
• the remaining Higgs bosons H ± , H 0 and A at intermediate masses, at about 1.5 TeV in our benchmark point;
• a right-handed stau as the lightest scalar superparticle;
• three light higgsinos whose mass scale is set by the gravity-mediated µ parameter. As explained in some detail in [10] , these are two neutralinos and a chargino which are nearly degenerate in mass. Their most natural mass range is about 150 − 300 GeV, since the gravitino and the higgsinos should have comparable masses, with the gravitino being the LSP.
particle (23, 23, 9) Table 1 : Some selected masses in GeV, computed with SOFTSUSY, for three models with messenger indices (N 1 , N 2 , N 3 ) = (23, 23, 9), (17, 23, 9) , and (28, 28, 11). The first has m GM = 200 GeV, µ = 240 GeV, and tan β = 50; the second, m GM = 200 GeV, µ = 250 GeV, and tan β = 52; and the third, m GM = 180 GeV, µ = 180 GeV, and tan β = 44.
A similar but even slightly heavier spectrum is obtained with N 1 = N 2 = 28, N 3 = 11. Spectra with N 1 < N 2 can also be found. Interestingly, upon decreasing N 1 theτ 1 can become rather light, as a consequence of large tan β and the fact that the right-handed stau soft mass is induced only by hypercharged messengers. For comparison, we have summarized the masses of three benchmark spectra in Table  1 : the above one with (N 1 , N 2 , N 3 ) = (23, 23, 9) ; one with (17, 23, 9 ) and a relatively lightτ 1 ; and one with (28, 28, 11) .
Admittedly, the choice of parameters described above is probably at the boundary of what might be considered acceptable. Large messenger multiplicities will lead to very large threshold corrections to gauge coupling unification, and the theoretical uncertainties in the calculation of the spectrum are considerable for multi-TeV soft masses. In addition, the Higgs mass is at the lower end of the range indicated by experiment.
A spectrum like this comes close to a "nightmare scenario" for the LHC, since all coloured particles are kinematically out of reach. The light higgsinos will be produced in electroweak processes, but their decay signals are extremely difficult to distinguish from Standard Model backgrounds [24, 25] . It may be possible to see a signal in monojet searches, where a higgsino pair is produced in the Drell-Yan process and shows up as missing E T , while a gluon is radiated from the initial state. Theτ 1 could also be within LHC reach if N 1 happens to be sufficiently small, but will be similarly difficult to detect. The situation will be much better at a linear collider, where all three higgsinos and possibly theτ 1 can be produced and their masses and couplings can be accurately measured.
Fine-tuning
One might object to our approach on the grounds that the coefficients in Eq. (7) are disturbingly sensitive to variations in the Yukawa couplings, the gauge couplings, and to the overall scale of SUSY breaking. The worst sensitivity is with respect to the latter two: For example, changing the value of g 2 (M ) from 0.484 to 0.5 while keeping all other parameters fixed, Eq. (7) 
Similarly, keeping g 2 (M ) = 0.483 but changing m S to 10 TeV (which is of course equivalent to an appropriate change of the background field F ) gives
and Eq. (11) 
Is our focus point therefore merely relegating the fine-tuning to these parameters? Or, to put it more drastically, would we still consider this scenario natural in the hypothetical situation that the Standard Model gauge couplings and the EWSB scale had not yet been measured? While we cannot dispel these objections altogether, they might at least be mitigated by the following arguments. In the String Landscape we expect all fundamental parameters to be discrete, and the fine-tuning problem to disappear. The question is if we can realize a mechanism by which this happens already in effective field theory. At present it seems impossible to identify, within this framework, a physical principle which fixes the GUT-scale gauge coupling to exactly its measured value, without introducing additional free continuous parameters. The same is true for the SUSY breaking scale. However, in realistic string models these two quantities are of course correlated. In fact, in the heterotic models by which our models are inspired, they are correlated in a rather precisely defined way: The gauge coupling is set by the vacuum expectation value of the dilaton S,
while the scale of dynamical SUSY breaking is set by the strong-coupling scale Λ of some non-abelian gauge group in the hidden sector, which is ultimately related to the dilaton by √ F Λ e −S/b 0 .
Decreasing S will simultaneously increase g(M ) and m S , and the resulting effects on ∆ GM m 2 Z can cancel (as should be clear from the above example) for a suitable value of the discrete quantity b 0 . Of course the actual value of b 0 is model-dependent; nevertheless, this shows that it may not be sensible to treat the gauge coupling and the SUSY breaking scale as independent parameters.
On the other hand, changing the continuous parameters slightly can give new characteristic relations between the messenger indices which again lead to a focus point at the electroweak scale. Empirically, we find that these always occur at a N 3 : N 2 ratio of around 0.39 (e.g. for our models we have 11/28 ≈ 0.393 and 9/23 ≈ 0.391). To determine which of them best describes our universe, it would however be necessary to measure the mass ratios of the supersymmetric particles rather precisely -a task which is clearly beyond the capabilities of the LHC for multi-TeV soft masses, but does not seem impossible in principle.
Conclusions
In this note we have argued that the little hierarchy between the EWSB scale and the MSSM soft masses may be due to a focus point exhibited by models of high-scale gauge mediation. Since they are determined by discrete messenger indices, the soft terms can be of the order of several TeV without large fine-tuning. We have identified two favourable ratios of messenger indices for SU(2) and SU(3) fundamentals, (N 2 , N 3 ) = (23, 9) and (28, 11). With these rather large multiplicities, the spectrum can be made compatible with the recent experimental evidence for a 124 − 126 GeV Higgs. Unfortunately, for this choice of parameters almost all superpartners are beyond the reach of the LHC. The only supersymmetric particles with weak-scale masses are the higgsinos and possibly the lightest stau, all of which would probably need a linear collider to be discovered, and the gravitino LSP.
